Fundamental properties of the spin-noise signal formation in a quantum-dot microcavity are studied by measuring the angular characteristics of the scattered light intensity. A distributed Bragg reflector microcavity was used to enhance the light-matter interaction with an ensemble of n-doped (In,Ga)As/GaAs quantum dots, which allowed us to study subtle effects of the noisesignal formation. Detecting the scattered light outside of the aperture of the transmitted light, we measured the basic electron spin properties, like g-factor and spin dephasing time. Further, we investigated the influence of the microcavity on the scattering distribution and possibilities of signal amplification by additional resonant excitation.
Fundamental properties of the spin-noise signal formation in a quantum-dot microcavity are studied by measuring the angular characteristics of the scattered light intensity. A distributed Bragg reflector microcavity was used to enhance the light-matter interaction with an ensemble of n-doped (In,Ga)As/GaAs quantum dots, which allowed us to study subtle effects of the noisesignal formation. Detecting the scattered light outside of the aperture of the transmitted light, we measured the basic electron spin properties, like g-factor and spin dephasing time. Further, we investigated the influence of the microcavity on the scattering distribution and possibilities of signal amplification by additional resonant excitation.
In recent years optical spin noise spectroscopy (SNS) has developed into an efficient research tool in the field of spin physics [1, 2] . Initially demonstrated in thermal vapors of alkali atoms [3, 4] , it has been further applied to spins in bulk and low-dimensional semiconductor structures [5] [6] [7] [8] [9] , and recently extended to studies of the valley dynamics in monolayer semiconductors [10] and the magnetization fluctuations in ultrathin metal films [11] .
In optical SNS, the fluctuations of the magnetization close to the ground state are mapped onto Faraday rotation angle fluctuations using magneto-optical effects [12] . In other terms, the spin noise signal arises from an interference of the forward-scattered field with the transmitted driving laser [13] [14] [15] . Therefore, understanding of the scattering gives a direct link to the properties of the studied system [16] .
In general, the measured spin noise signal is proportional to the probe beam intensity squared. Thus, increasing intensity, on the one hand, improves the sensitivity of the measurements but, on the other hand, increases unwanted perturbations of the system [17, 18] . One possibility to decrease these perturbations could be the use of optical resonators, in particular, microcavities, which can be considered as an efficient tool of signal amplification [9, 19, 20] . This possibility is, however, not optimal, as the increased light-matter interaction leads to an increased perturbation of the system, so that a strong reduction of the light intensity is required. Furthermore, additional limitations are given by the diode detectors, which limit the sensitivity of the recorded signal at low level optical intensities by their own electrical noise. A solution could be provided by the basic properties of the spin noise signal formation, i.e. by the fact that a coherent superposition of the driving laser field with the forward-scattered field is equivalent to implementing a homodyne detection. In this case, the laser transmitted through the sample can be replaced by a part of the laser beam, which is not going through the sample and therefore does not interact with the system. This allows one to use a very low probe power for accessing the spin noise while working with high power laser light hitting the diodes [21] [22] [23] .
In this paper, we examine the abilities of homodyne detection and study the spatial properties of the scattered light. To test the spatial distribution of spin noise we vary the angle of incidence of the probe laser on the n-doped quantum dot (QD) ensemble while interfering (homodyning) the scattered light along the direction of normal incidence on the sample with a reference beam (local oscillator, LO). We then apply a two-beam geometry to study the possibility of amplification of the scattered light intensity [24] .
Figure 1(a) shows the scheme of the spin noise experiment using homodyne detection. The emission of a single-mode frequency-stabilized laser is split into two beams by a polarizing beam splitter representing the input of a Mach-Zehnder interferometer (not shown) [23] . The vertically linear polarized probe beam hits the sample (S) under the angle θ relative to incidence normal. We use focusing and collimating lenses of 200 mm (40 µm spot diameter) and 60 mm focal length, respectively. As the transmitted and scattered light have orthogonal linear polarizations, we use a half-wave plate (λ/2) and a Glan-Taylor prism (GT) to filter out the transmitted light component [14] . A fraction of the scattered light, namely the fraction within the solid angle covered by the numerical aperture NA = 0.07 of the collimating lens, is selected from the whole 4π distribution, and directed to the input of a 50:50 non-polarizing beam splitter (nPBS), together with the laser sent through second arm (LO) of the interferometer. The interference of the two fields, having both linear horizontal polarizations, results in the photocurrents in the balanced photoreceiver (670 MHz bandwidth), where their difference current is converted into the voltage signal U (t). The ac-component of U (t) is digitized using a 2 GS/s analog-to-digital converter and Fourier transformed using an FPGA-based real-time fast Fourier algorithm processing [8] . is sent to the error input of the proportional integral derivative (PID) control loop used to adjust the piezo voltage [23] . Thereby, the relative optical phase between the two arms of the interferometer can be maintained by tuning the piezo-actuated mirror (PZT) to the set point U SP .
As discussed in Ref. [24] , spin diffusion of carriers reduces the signal for higher wave vector values or, in our configuration, for larger values of θ. Therefore, to eliminate this contribution, we designed a strongly localized electron system: we use an ensemble of n-doped (In,Ga)As/GaAs QDs, grown by molecular-beam epitaxy. The QDs are embedded in a distributed Bragg reflector (DBR) structure with a quality factor Q ≈ 10 3 , in order to enhance the Faraday rotation and scattering intensity. A moderate Q-factor value was specially designed to avoid non-linear effects present in the high-Q cavities [25, 26] . The structure was annealed at 900 • Celsius to shift the ground state emission of the QDs to the energy of the cavity transmission. The 5λ/2 cavity (λ is the design wavelength) with 14 bottom and 11 top pairs of AlAs/GaAs stacks is optimized for the transmission geometry and contains four QD layers each with a density of 10 10 cm −2 , positioned at the antinodes of the elec- tric field at a distance of 129 nm between the layers, see the inset of Fig. 1(b) . To provide n-doping for the QDs, we placed layers of Si-dopants 64.5 nm below each dot layer. Figure 1 (b) demonstrates the cavity transmission (red line) and the QD photoluminescence (PL) spectrum (blue line), detected along the cavity plane (not filtered by the cavity) for above barrier excitation at 785 nm. Both lines overlap close to the PL maximum. The optical frequency of the probe is tuned to the microcavity resonance at 864.69 nm. The sample is mounted on the cold finger of a helium-flow cryostat where it is cooled down to 5 K. An external magnetic field B can be applied by an electromagnet orthogonal to the cavity, as shown in Fig. 1(a) . Figure 2 (a) demonstrates an exemplary measurement of the spin noise for different magnetic fields at a probe incidence angle of θ = 17.3 • . After transmission through the sample, the probe with wavelength λ = 864.69 nm does not enter the λ/2 and the GT-prism in the detection arm. The light scattered by the carriers along the direction normal to the sample is directed to the nPBS, see Fig. 1(a) . This result uniquely shows the observation of spin noise outside the aperture of the transmitted probe, confirming the theoretical results of Refs. [13, 24] , and supports a recent report in Ref. [16] .
The noise signal consists of a double Lorentzian-peak structure, with a peak centered around zero frequency and a second peak, moving proportionally to the magnetic field (Larmor peak) [8, 27] . Here, we only concentrate on the magnetic-field dependent Larmor peak, which allows us to extract basic parameters of the system. The peak position vs magnetic field gives the average g-factor |g e | = 0.54, similar to the QDs measured in Ref. [8] , blue points in inset of Fig. 2(a) . The half width Γ HWHM of the Larmor peak at half-maximum (HWHM) defines the spin lifetime T s = 1/(2πΓ HWHM ), where 1/T s = 1/τ s + 1/τ . τ s is the spin relaxation time and τ = n 0 /G is the recombination time, which depends on the carrier concentration, n 0 , and the generation rate of carriers, G [28, 29] . In the range of magnetic fields where the peak position appears at frequencies below 1 GHz, the Larmor peak width stays constant at Γ HWHM = 81 MHz corresponding to T s = 1.96 ns, as shown by the red points in the inset of Fig. 2(a) .
To extract the electron spin relaxation time τ s , which is not affected by the probe excitation, we measure the power dependence of the Larmor peak, see Figs. 2(b) and 2(c), where the dependence is shown for θ = 0 • , λ = 864.69 nm, and B = 50 mT. Figure 2(b) gives a loglog plot with the power dependence of the peak amplitude demonstrating that the signal saturates at powers above 1 mW. Using the power law fit to the data in Fig. 2(c) , we extrapolate Γ HWHM to zero power from which we obtain the intrinsic width Γ 0 = 36 MHz, which corresponds to τ s = 4.4 ns. Further, it is known that τ s is given by the spread of g-factors ∆g and the fluctuating nuclear fields in the electron surrounding, ∆B N [8, 27, 30] 
Here, the µ B is the Bohr magneton and is the reduced Planck constant. As the peak width is constant in the measured range of fields, we can set ∆g = 0, and determine the ∆B N = /(τ s gµ B ) = 4.8 mT, in accord with the value taken from QDs without DBR structure, see Ref. [27] . Note that to achieve a weakly perturbative regime of probing, the probe power for measuring the spin noise of the QDs in the DBR structure is reduced by two orders of magnitude as compared to that in a bare QD ensemble. In this case, homodyne detection is the only way to measure the spin-noise signal while working with shot-noise limited photodetection [22, 23] .
In a next step, we analyze the effect of the DBR microcavity on the transmitted laser intensity as function of the angle of incidence θ. For this purpose, we first test the cavity transmission by modulating the probe laser by a mechanical chopper in front of the sample and detecting the transmitted intensity using a single silicon diode and a lock-in amplifier. By scanning the laser, the intensity of the transmitted light is recorded as function of wavelength for different angles θ, see Fig. 3 Larmor peak at B = 50 mT, respectively. Here, we have considered two cases: (i) the probe wavelength is fixed at λ = 864.69 nm, corresponding to the case of maximal transmission at θ = 0 • (red points), and (ii) the probe wavelength is shifted to the corresponding transmission maximum for each angle (blue points), as given in the inset of panel (a).
Let us recall the angular dependence of the transmitted light shown in Fig. 3(a) . If the probe laser wavelength is fixed at maximal transmission for θ = 0 • , then by increasing the angle the laser intensity reaching the QDs is continuously decreasing, as shown by the dash-dotted line in Figs. 3(a) and 3(b) . However, the emission of the scattered light for this wavelength is most efficient in the direction normal to the sample (direction of homodyne light detection). Our estimations show that for our DBR structure the scattered light is collected within a solid angle of ∼ 8 • (NA= 0.07), defined by the microcavity Q factor, see Fig. 3(a) . Therefore, the behavior in the first case can be understood by the laser power reaching the QDs through the DBR. At angles θ < 10 • , the spin noise amplitude does not change a lot, as the QD excitation is still efficient and close to the saturation power. In this range, the transmitted power decreases from 100% to about 5%, or from 2.3 mW to about 0.1 mW, see Fig. 2(b) . For higher angles, the excitation continues to drop to levels, at which it is strongly suppressed so that the noise peak amplitude drops. The peak width also decreases proportionally to the reduction of excitation power, as seen in Fig. 3(c) .
The second case is different, see the blue points in Figs. 3(b) and 3(c). Here, the excitation is always efficient, up to 100% of the light is reaching the QDs. However, the extraction of the scattered light along the normal direction becomes less efficient and follows the intensity profile given by the dash-dotted line in Fig. 3(b) . In other words, with adjustment of the wavelength to the cavity transmission maximum, the scattered light exits the microcavity under the same angle as the laser does. This means that its fraction along the normal direction, where the collimation is performed, decreases. We also conclude at this stage that a cavity of high Q factor strongly limits the scattering aperture for detection at a fixed wavelength, which reduces the range of possible wave vectors and hinders experiments like the one proposed in Ref. [16] .
An additional effect may influence the amplitude of the spin noise in the second case. For larger angles, the transmission wavelength is shifting to shorter values, which leads to excitation of different QD sub-ensembles: as one can extract from Figs. 1(b) and 3(a) , an angle variation from 0 • up to 10 • shifts the wavelength down by about 1 nm. According to the PL spectrum, the cavity shifts from the low energy side of the PL maximum to the high energy one, where the spin noise amplitude usually does not change a lot [27] . In the experiment, on the contrary, the spin noise amplitude vanishes at angles of about θ = 10 • , which makes this effect not relevant in our case.
Furthermore, we tested the possibility to amplify the scattered light intensity by additional resonant excitation with a second laser beam, as discussed in Ref. [24] . For this purpose we applied the probe laser under θ = 0 • and an additional auxiliary (aux) beam at θ = 17.4 • , which was split from the same laser and had the same polarization as the probe. Figure 4 demonstrates the results of these measurements. The blue points give the amplitude of the spin noise peak at B = 50 mT as function of the phase difference between probe and LO, without the aux beam [23] . The green point at zero phase is result of a measurement of the aux beam only. Here, we did not stabilize the phase between the LO and the aux beam, and the probe beam was blocked. If we add up the two separately measured signals, we obtain the data points shown by the black circles. This situation corresponds to the best case for both beams applied together [24] . However, our measurement results in the data points presented by the red triangles, demonstrating a non-trivial dependence of the auxiliary amplification on the relative phase between probe and LO. At 90 • phase difference the auxiliary beam has no effect at all on the scattered light (red and blue points overlap), while at −90 • the effect is almost completely additive. This shows that the additional auxiliary excitation can increase the scattering but has its own phase dependence relative to the probe and LO beams. As discussed in Ref. [31] , the scattered photons consist of two components, the coherent part and incoherent part. The coherently scattered photons have the same spectral properties as the excitation laser, and can therefore interfere with the driving laser or the LO. The observed phase dependence between the scattered photons from the probe and aux beams allows us to conclude that the photons, originating from the same laser source, scatter coherently at the QDs. Additionally, to be able to see any effect of the scattering amplification, the powers of the probe and aux beams should be in a range where the QD transitions are not saturated by the laser excitation. If one of the beams has higher power, it dominates the effect and no noticeable amplification can be observed. This observation demonstrates that in the low power case the photons are scattered in the Heitler regime with weak perturbation of the system [15, 32, 33] .
To summarize, we have shown that the spin noise signal is determined by the properties of the scattered light, which is strongly modified by the DBR microcavity. This effect has to be carefully considered, especially for high-Q microcavities used for polariton condensates. We have found that the spin noise amplitude can be amplified by additional illumination, while the system is not saturated by any excitation. The relative optical phase between the probe and auxiliary beams has to be taken into account for understanding the spin noise, which supports that the technique is observed in the non-perturbative regime.
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